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Abstract 
This review presents some recent observa-
tions made on membranes in the mammalian sympa-
thetic ganglia after application of freeze-frac-
turing and histochemistry. After freeze-fracture 
clear differences have been found between the 
neuronal and the satellite cell plasmalemma. 
The satellite cell plasma membrane exhibits 
specialized intramembrane particles not found 
in the neuronal membrane. Freeze-fracture cyto-
chemistry reveals a further difference between 
the neurons and satellite cells i.e., a higher 
density of B-hydroxysterols is present in the 
satellite cell membrane than in the neuronal 
membrane. 
HistochJi,nical methods to+ lo.;alize 5 '-nucle-
otidase, Ca -ATPase and Na /K -ATPase in the 
membranes have been utilized. The cytochemi 2a1 reaction products of 5 '-nucleotidase and Ca + -
ATPase were found on the externai, afpect of 
the plasma membranes. The Na /K -ATPase 
reaction product was located on the cytoplasmic 
aspect of the membranes, with most activity 
seen in the satellite cell membrane. 
With respect to the intercellular junc-
tions, the presynaptic membranes have been ana-
lyzed with the freeze-fracture technique under 
stimulated and unstimulated conditions and u 1-
trastructural differences have been observed 
which might be correlated to neurotransmission. 
Furthermore, gap junctions and tight junctional 
elements occur between the satellite cells sur-
rounding the neuronal perikarya and their pro-
cesses. 
KEY WORDS: sympathetic ganglia, neurons, sa tel-
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The study of membranes in sympathetic gang-
lia at the ultrastructural level has attracted 
an increased interest during recent years. This 
has partly been due to the fact that new morpho-
logical techniques, such as the freeze-fracture 
methods, have been developed which allow a 
direct visualization of membrane components 
of close to molecular dimensions. Furthermore, 
the introduction of more sensitive and reliable 
histochemical as well as immunohistochemical 
methods has made it possible to detect sites 
of membrane-bound receptors and enzymes. 
In the early electron microscopic studies 
of the sympathetic ganglia the structure of 
neurons, especially the inter- and intraganglio-
nic connections were analyzed. In the sixties 
the characteristics of membranes of neurons 
and satellite cells have been further investiga-
ted (Elfvin 1961, 1962, 1963a,b). The structural 
and permeability properties of the neuronal 
membrane as compared to the membrane of the 
satellite cell were found to vary with different 
fixations as well as with changes in osmotic 
conditions i.e., when exposed to media of diffe-
rent tonicities ( Elfvin 1961, 1962). This led 
to the proposition that the plasma membranes 
of the two different cell types are structurally 
different with possible differences in chemical 
composition also. 
This review will present results of some 
recent ultrastructural studies performed on 
the membranes of neurons and satellite cells 
in sympathetic ganglia. By applying the freeze-
fracture technique directly or in combination 
with cytochemical probes further morphological 
evidence for structural differences between 
the membranes has been obtained. Furthermore, 
studies using cytochemical techniques applied 
to thin-section electron microscopy have shown 
a specific and distinct distribution pattern 
of membrane-associated phosphatases. Along with 
these findings some aspects of the organization 
of intercellular junctions will be presented. 
This paper was presented at the Symposium on 
'Cell Structure and Cell Biology' in honor of 
Bjorn Afzelius, December 19 and 20, 1985 in 
Stockholm, Sweden. 
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General membrane organization 
The freeze-fracture technique has become 
an important tool in ultrastructural studies 
of membranes. It was introduced by Steere 
(1957) and Moore et al. (1961) developed it 
further. The latter authors suggested that the 
fracture plane follows the inner and outer as-
pect of eel lu lar membranes. This was based on 
the notion that membranes fractured transversely 
had the same triple-layered appearance as is 
found in thin sections. Branton ( 1966) later 
proposed that the fracture plane runs along 
the central hydrophobic bonds of the membrane 
and noted that the replicated faces had parti-
cles about 5-10 nm in diameter. Pinto da Silva 
and Branton ( 1970) and Pinto da Silva et al. 
(1971) demonstrated that in the erythrocyte 
membrane the particles were located within the 
membrane by labelling the external surface with 
ferritin thereby showing that the fracture plane 
did not follow the surface of the membrane. 
The intramembrane particles (IMPs) were much 
more numerous in the protoplasmic face (P face) 
than on the exoplasmic face (E face) of the 
erythrocyte membrane. Almost all fractured mem-
branes show this distribution of particles with 
sometimes observable pits in the complementary 
fracture faces ( Branton et al. 1975). 
Although our knowledge about the exact 
nature of the IMPs is still incomplete, the 
most common opinion is that they represent pro-
tein or lipoprotei~ complexes. Branton (1971) 
suggested that the particles represent proteins 
since the erythrocyte membrane treated with 
protease contained fewer IMPs. In model experi-
ments Verkleij et al. (1973) have shown that 
a pure lipid system in the presence of calcium 
ions may display typical 10 nm IMPs with corres-
ponding pits in the complementary fracture face. 
Apart from the common interpretations as pro-
teins, lipoproteins or under special conditions 
pure lipids some IMPs may, however, represent 
artifacts. Two kinds of IMPs that should be 
classified as artifacts have been suggested; 
one attributed to condensation of vapor ( Bohler 
1979) and one of unknown nature but related 
to plastic deformation (Robertson 1981). 
In the sympathetic ganglia the neuronal 
elements are almost entirely enclosed by satel-
lite cells and the membranes of the neurons 
and the satellite cells can therefore be compa-
red on the same replica (Figs 1 and 2). In 
freeze-fractured specimens of ganglia globular 
IMPs, 7-11 nm in diameter, are found on the 
fracture faces of the plasma membranes of both 
cell types. The particles are most frequent 
on the P face, mainly as single particles with 
a total derlfity of particles estimated to be 
1000-1500/µm on both membrane types (Elfvin 
and Forsman 1978). 
Although the general particle arrangement 
thus appears to be similar when comparing neuro-
nal membranes with the satellite cell membrane, 
in the ganglia of guinea pig and rabbit specific 
assemblies of particles have been found in the 
satellite cell membrane. These are uniform, 
small I MPs ( 6-7 nm) packed in orthogonal arrays 
of particles (OAPs) which are clearly different 
from the commonly found single 7-11 nm large 
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IMPs in the membranes ( Figs 1-2). In the central 
nervous system, similar OAPs have been described 
in the membranes of astrocytes and ependymal 
cells (Dermietzel 1973, Landis and Reese 1974, 
1982). Outside the nervous system OAPs have 
been found in hepatocytes (Kreutziger 1968), 
small intestinal cells (Staehelin 1972), 
tracheal epithelial cells (Inoue and Hogg 1977), 
myocardial sarcolemma (Ellisman et al. 1974), 
skeletal myocytes ( Rash and Ellisman 1974, Rash 
et al. 1973) and kidney ( Humbert et al. 1975). 
Studies utilizing rapid freezing instead 
of chemical fixation prior to freeze-fracture 
have clearly demonstrated that the OAPs are 
not artifacts of fixation (Landis and Reese 
1982). The exact nature and function of the 
OAPs is unknown. It was earlier suggested that 
they are a variant form of gap junctions ( Stae-
helin 1972), but this has been shown not to 
be the case (Rash et al. 1973). Several other 
possible functions including that they may serve 
as d mechanical supporL (Landis and Reese 1982) 
have been suggested. In developmental studies 
of muscle cells it has been observed that the 
distribution and the density of OAPs change 
during postnatal muscle growth ( Hudson et al. 
1982). Furthermore, the OAPs of astrocytes seem 
to be labile to anoxia (Landis and Reese 1982). 
One theory is that OAPs are related to ion 
transport (for example Na+/K+-ATPase) across 
the membrane, an assumption which is based on 
the fact that in, e.g., the astrocytes the den-
sity of OAPs is higher in places of intense 
ionic and metabolic exchange. Also in the 
skeletal muscle membrane the distribution is 
closely related to areas of ionic exchange (Rash 
and Ellisman 1974). Although it is possible 
that the OAPs have different functions in diffe-
rent tissues it is obvious that further studies 
are needed to reveal their true significance. 
Lipid cytochemistry 
Since the discovery that cholesterol bin-
ding to filipin produces a 25 nm 'complex' which 
is visible through negative staining, thin-sec-
tioning and freeze-fracture electron microscopy 
(Elias et al. 1979, Tillack and Kinsky 1973, 
Verkleij et al. 1973, Friend and Bearer 1981), 
f ilipin has been used in many studies to loca-
lize cholesterol in biological membranes 
(Robinson and Karnowsky 1980, Severs and Robenek 
1983). Beside the polyene antibiotic filipin, 
two saponins, digitonin and tomatin, bind to 
6-hydroxysterols, in mammalian membranes mainly 
cholesterol, and form a local deformation in 
the contour of the membrane. A knowledge of 
the cholesterol composition in cellular mem-
branes is of interest since cholesterol plays 
an important role in modulating permeability, 
stability, flexibility, and fluidity of mem-
branes. Membrane alterations induced by f ilipin 
and tomatin are visible in most areas of plasma 
membranes, where the ratio of cholesterol and 
phospholipids is relatively high, and hardly 
observable at all in membranes in which the 
ratio is low. 
The distribution of membrane deformations 
induced by tomatin and filipin have been used 
as a qualitative and semiquantitative measure-
ment of the amount of 6 -hydroxysterols in the 
Membranes in sympathetic ganglia 
Fig 1: Replica of a freeze-fracture through 
~oeliac-superior mesenteric ganglion of 
the guinea pig, showing a neuronal membrane 
(n) partly covered by one or more satellite 
cells ( s). On the P face of the satellite cell 
membrane are several orthogonally arrayed parti-
cles (OAPs). Bar= 180 nm. 
magnification of a p face of a 




and the OAPs. 
in size between ordinary IMPs 
No OAPs are 
membrane (n). Bar= 110 nm. 
membranes of sympathetic 
Forsman 1985a). The induced 
found in the nerve 
ganglia (Andersson 
lesions were obser-
ved in the plasma membranes of both neuronal 
and satellite cells (Fig 3). The membrane of 
the satellite cells was found to contain a high-
er density of probe-induced lesions than the 
neuronal membrane (Fig 3). 
As has been described above, the satellite 
cell plasma membrane contains specific intramem-
branous particles, OAPs, which appear with an 
uneven distribution in the satellite cell plasma 
793 
Fig 3: Replica showing variations in response 
to filipin of plasma membranes from different 
cell types. The perikaryal plasma membrane (pm) 
has less filipin lesions than the satellite 
cell plasma membrane (s). Bar= 220 nm. 
Fig 4: P face of a satellite cell plasma membra-
ne in a region with many OAPs and showing typi-
cal filipin induced deformations. Some of the 
deformations are pits while others are protube-
rances at various stages. Note the very dense 
occurrence of deformations. The OAPs appear 
unaffected by the probe. Bar= 70 nm. 
membrane. The structural relationship between 
the OAPs and the filipin-induced deformations 
was sometimes very close but it did not appear 
as if the OAPs were affected by the probes (Fig 
4). Areas rich in OAPs have been suggested to 
contain lower amounts of lipids (Landis and 
Reese 1982). The relation between the deforma-
tions and the density of OAPs in the satellite 
cell membrane was therefore studied, but no 
clear relation between the probe-induced lesions 
and the density of OAPs or of other I MPs, for 
Catarina Andersson Forsman and Lars-Gosta Elfvin 
that matter, was found. This is in contrast 
to the findings of Gotow ( 1984) and Gotow and 
Hashimoto (1983) who showed that the membrane 
areas rich in OAPs in guinea pig astrocytes 
contained less filipin-induced deformations. 
When the lesions in the neuronal membranes 
induced by the probes were analyzed, a non-homo-
geneous distribution between the perikarya and 
the nerve processes was found. The perikaryal 
plasma membrane was only sparsely filipin-label-
led while a higher incidence of deformations 
was found on the processes. When the density 
of deformations of various parts of the neuron 
was compared with the density of IMPs, it was 
found that areas with a higher density of IMPs 
contained few probe-induced lesions and vice-
versa. These findings were interpreted to indi-
cate a non-homogeneous distribution of choles-
terol in the neuronal membrane. Neuronal mem-
branes have previously been studied by Garcia-
Segura et al. ( 1982) who reported a higher den-
sity of filipin-induced lesions on the perikary-
al plasma membrane than on the membranes of 
dendrites and spines on Purkinje and granule 
cells of rat cerebellar cortex slices. The dif-
ference between the results obtained in the 
sympathetic ganglia and those reported by 
Garcia-Segura et al. ( 1982) and Gotow ( 1984) 
may indicate variations with respect to membrane 
composition when comparing various parts of 
the nervous system. 
Taken together these results indicate pos-
sible differences in 
tween satellite cells 
membrane composition be-
and neurons. It has pre-
viously been proposed,based on findings in con-
ventional thin sectioned material of ganglia 
and nerve fibers, that neuronal and satellite 
cell membranes may structurally differ from 




in freeze-fractured studies of 
ganglia support these early 
Membrane-associated phosphates 
The transport of ions such as sodium, po-
tassium, calcium, and hydrogen across plasma 
membranes is a crucial event in the nervous 
system since these cations ace necessary for 
the maintenance of the resti~g potential and 
for the propagation of the action potential 
( Swanson and Stahl 1976). Some of these func-
tions are regulated by membrane-a1sofiated phos-
phatases. One of these, the Na /K -ATPase has 
also been suggested to correspond to the speci-
fic OAPs of glial plasma membranes (Landis and 
Reese 1974). In the present review results of 
some recent cytochemical studies of the mem-
br~~e-associated ~ho;phatases 5'-nucleotidase, 
Ca -ATPase and Na /K -ATPase in the sympathetic 
ganglia will be presented. 
Methodological considerations 
Morphologically the membrane-associated 
phosphatases can be studied with histochemical 
techniques. The Wachstein-Meisel technique 
( 1957) based on the Gomori reaction ( 1952) has 
previously been used to localize phosphatases. 
For the localization of ATPase, ATP was used 
as substrate and lead as the pr-ecipitating ion. 
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The results obtained with this technique often 
showed a distribution of the reaction products 
that seemed compatible with the distribution 
expected on the basis of physiological and bio-
chemical studies of the sodium-potassium ATPase 
(Farquhar and Palade 1966, Novikoff et al. 1961, 
1962). However, when comparing the ATPase loca-
lized with the Wachstein-Meisel technique and 
the biochemically defined sodium-potassium 
ATPase it displayed different kinetic properties 
and sensitivity to fixatives (Ernst and Hootman 
1981). Furthermore, in cytochemical studies 
the reaction product deposition in tissue in-
cubated in the Wachstein-Meisel medium was not 
affected by the addition of ouabain or by the 
omission of sodium or potassium ( Farquhar and 
Pa lade 1966, Novikoff et al. 1961, Tormey 1966). 
Also the apparent absence of specific divalent 
cation requirements made the technique doubtful 
(Firth 1980, Firth and Stranks 1981). Attempts 
were made to improve the Wachstein-Meisel tech-
nique which included alterations of lead and 
ATP concentrations, changes in the ratios of 
ions in the incubation medium and the addition 
of either activating cations or ouabain or both 
( Farquhar and Pa lade 1966, Jacobsen and Jorgen-
sen 1969, Tormey 1966). However, most of these 
early attempts were unsuccessful. 
Ernst ( 1972) introduced a new method to 
localize Na+ /K+ -ATPase. According to this tech-
nique, paranitrophenylphosphate (pNPP) was in-
troduced as substrate and strontium ions used 
as capture ions, since their inhibitory effect 
on the transport enzyme was found to be much 
less than that of the lead ions. The specificity 
of the enzymatic reaction for potassium as well 
as for magnesium activation and for the inhibi-
tion caused by ouabain was demonstrated by a 
close correlation of spectrophotometric and 
cytochemical data ( Ernst 1972, 1975, Ernst and 
Hootman 1981). It was therefore concluded that 
the K+-pNPPase activity demonstrated by the 
Ernst technique ( Ernst 1972) is closely related 
+ + 
to the Na /K -ATPase. 
More recently Mayahara et al. ( 1980) have 
presented a mod if ica tion of the Ernst pNPPase 
procedure wherein lead citrate was substituted 
for strontium chloride as the capture reagent 
and DMSO was introduced in the reaction medium 
to increase K+-pNPPase activity. This method 
seems to provide a valid alternative to the 
Ernst technique for the localization of the 
transport enzyme, its main advantage being grea-
ter methodological simplicity. 
The traditional Wachstein-Meisel approach 
to phosphatase localization was modified for 
the cytochemical demonstration of 5'-nucleo-
tidase by Kreutzberg et al. ( 1978). This implied 
lowering the lead ion concentration as well 
as the substrate concentration (AMP), and intro-
ducing manganese as required cation. In search 
for further improvement of the technique Blok 
et al. ( 1982), Hulstaert et al. ( 1983), and 
Robinson and Karnovsky ( 1983) have substituted 
lead ions with cerium ions as capture reagents 
in the medium. This has been successful and 
reports on single cell systems have shown a 
more consistent electron microscopic distribu-
tion. The specificity of the reaction was im-
Membranes in sympathetic ganglia 
~ Section through 
seat tered electron dense 
(arrow) after incubation 
a synapse containing 
deposits in the cleft 
for 5'-nucleotidase 
activity. Guinea pig coeliac-superior mesenteric 
ganglion. Bar= 190 nm. 
Fig 6: Boundaries between satellite cells showing 
abundant activity for 5'-nucleotidase. Superior 
cervical ganglion of the guinea pig. Bar 
190 nm. 
proved by the introduction of several new inhi-
bitors for 5 '-nucleotidase. The most frequently 
used inhibitors today are a,S-methyleneadeno-
sinediphospha te ( AOPCP) ( Burger and Loewenstein 
1970), and Concanavalin A (Williamson et al. 
1976). 
res pee t to the localization of 
2 + With 
Ca -ATPase a 
rather specific technique. Several agents, such 
as quercetin and vanadate have been used as 
inhibitors of the enzyme reaction. 
al. ( 1981) presented Ando et 
5'-nucleotidase 
In the sympathetic ganglia the 5' -nucleo-
tidase was located on the outer surface of the 
plasma membranes in both the neuronal and the 
satellite cell (Figs 5 and 6), although the 
latter membrane appeared to exhibit more of 
the enzyme activity (Andersson Forsman and Elf-
vin 1983). Also some synaptic complexes contain-
ed precipitates in the cleft region (Fig 5). 
In previous cytochemical work Kreutzberg and 
collaborators have reported the localization 
of 5'-nucleotidase as being mainly associated 
with the glial plasma membrane ( Kreutzberg and 
Barron 1978, Kreutzberg et al. 1978). Subse-
quently, enzyme activity was also reported to 
occur in some fiber systems in the brain and 
in synaptic membranes of the rat retina (Kreutz-
berg and Hussain 1982). 
The exact function of 5'-nucleotidase in 
different systems is not known but it is neces-
sary for the general metabolism of purines in 
the cells. Its function to hydrolyze nucleotide 





other portant in 
nucleosides, adenosine is important as a precur-
795 
Fig 7: Longitudinal section through unmyelinated 
nerve fibers in a superior cervical ganglion. 
Note the staining of the ce:J-f boundaries ( ar-
rows) after incubation for Ca -ATPase activity. 
Bar= 290 nm. 
~: Section through a satellite cell forming 
a thin layer around some nerve fibers (a) and 
a perikaryon (p). The satellite cell is almost 
completely filled with electron-dense material 
attached to the cytoplasmic+as~ect of the plasma 
membrane. Incubation for Na ,K -ATPase activity. 
Bar= 250 nm. 
sor for nucleotides, nucleic acids, various 
coenzymes and the second messenger cyclic-AMP, 
all of which are essential for cell metabolism. 
In the nervous system the enzyme has been sug-
gested by Kreutzberg et al. ( 1978) to be related 
to adenosine metabolism and neuromodulation. 
The findings in the sympathetic ganglia of high 
activity located to the satellite cell plasma-
lemma were interpreted to indicate a high level 
of purine utilization by the satellite cells. 
The localization at synaptic sites indicates 
a role of purines possibly being active as neu-
romodulators since adenosine is known to hyper-
polarize the postganglionic cells (Brown et 
al. 1979). 
Catarina Andersson Forsman and Lars-Gosta Elfvin 
Calcium-ATPase 
Calcium-ATPase activity 
the outer surf ace of plasma 
satellite cells and neurons 
ganglia ( Andersson Forsman 
Forsman and Elfvin 1985). 
was localized on 
membranes of both 
in the sympathetic 
1985b, Andersson 
Most parts of the 
neuronal membrane contained reaction product 
which often was found to fill the extracellular 
space between closely packed cells (Fig 7). 
In the synaptic cleft, electron dense deposits 
were often observed filling the space between 
the membranes. Since the introduction of the 
ultracytochemical technique by Ando et al. 
(1981) the localization of calcium-ATPase has 
been studied in epithelial cells (Ando et al. 
1982, Ueno et al. 1984a), pituicytes (Bambauer 
et al. 1984), parotid and submandibular glands 
(Cossu et al. 1984), cardiac muscle cells 
(Fujimoto and Ogawa 1982) and photoreceptors 
(Ueno et al. 1984b) with the technique by Ando 
et al. (1981). 
Ti1e demonstration of 
2+ 
Ca -ATPase in the 
plasma membranes in the sympathetic ganglia 
indicates an active involvement of the membrane 
of these cells in the regulation of intra- as 
well as extracellular calcium. Along with this 
function the enzyme is probably of significance 
in the relation of calcium to proteifs which 
are dependent on this cation. The Ca + -ATPase 
activity in the synaptic specializations may 
be related to exocytosis phenomena and trans-
mitter release by participating in the regula-
tion of the nerve terminal calcium ion concen-
tration. It has also been proposed that the 
enzyme might participate in acetylcholine uptake 
in the synaptic vesicles ( Rothlein and Parsons 
197 9). 
Sodium-potassium ATPase 
The Na /K -ATPase activity is found on 
the cytoplasmic aspect of plasma membranes of 
both satellite cells and neurons (Andersson 
Forsman and Elfvin 1986). The satellite cells 
clearly exhibit the enzyme activity more exten-
sively than the neurons ( Fig 8). In the neuro-
nal membrane, the reaction product is less fre-
quent but specialized areas such as synapses 
often contain enzyme activity both in pre- and 
postsynaptic membranes. 
In previous cytochemical studies of mouse 
and rat brain Na+/K+-ATPase has been found main-
ly in the plasmalemma of axons and dendrites 
(Stahl and Broderson 1976a, Broderson et al. 
1978, Vorbrodt et al. 1982, Inomata et al. 1983, 
Nasu 1983), whereas in the rat somatosensory 
cortex Stahl and Broderson (1976b) have shown 
the enzyme only in the plasmalemma of dendrites. 
Furthermore, the axolemma of peripheral myelina-
ted nerve fibers has been found to contain the 
enzyme (Vorbrodt et al. 1982, Inomata et al. 
1983, Nasu 1983). In a recent immunocrto~hemical 
study by Ariyasu et al. ( 1985) Na /K -ATPase 
reactivity was found along the plasmalemma of 
alpha-motoneurons and at the nodal, but not 
the paranodal or internodal, axolemma of the 
myel ina ted central and peripheral nerve fibers 
of+ ~ats. They also demonstrated abundant 
Na /K -ATPase-like immunoreactivity in the plas-
malemma and intracellularly in the astroglia 
and also in the plasma lemma of Schwann eel ls, 
196 
particularly in the nodal region (Ariyasu et 
al. 1985). Also in earlier immunocytochemical 
works performed on knife-fish brain (Wood et 
al. 1977) the enzyme has been found in astro-
cytic processes as well as in the plasmalemma 
of neurons. 
The findings of considerable amounts of 
reaction products in the satellite cell membrane 
is of particular interest because it indicates 
that the satellite cell membrane of guinea pig 
sympathetic ganglia is well equipped with enzy-
matic properties necessary for conducting active 
transport of cations. Several investigators 
have proposed that the glial cells play an im-
portant role in controlling the extracellular 
potassium ion concentration in the nervous sys-
tem ( Franck et al. 1978, Kuff ler 1967, Somjen 
1975). It is not clear how glia would limit 
the rise of potassium in the extracellular space 
during periods of intense neuronal activity. 
One idea is that the clearance of potassium 
ions occurs by passive diffusion through the 
glial cells, generally referred to as 'spatial 
buffering' ( Franck et al. 1978). Another idea 
is that glial cells might clear potassium ions 
by active uptake during periods of intense neu-
ronal activity ( Franck et al. 1978). Apart from 
the glial cell function in connection with the 
potassium clearance during neuronal activity, 
cations within the glial cell might act as spe-
cific signals for metabolic pathways within 
the sa tel lite cells, which can in turn produce 
metabolic support for adjacent neurons ( Grisar 
1984). 
A further role for transport-ATPase in 
neurons has been suggested by Vizi ( 1978) based 
on the observation that dissipation of the so-
dium gradient by ouabain leads to a dramatic 
increase in intracellular calcium, since the 
sodium-calcium exchange process is greatly dimi-
nished. This relationship between the ATPase 
and calcium haf l;d to the hypothesis that inhi-
bition of Na /K -ATPase may actually act as 
a 'trigger' for neurotransmitter release (Viz i 
1978). This hypothesis is based in part on the 
observation+ t~a t drugs such as ouabain, which 
inhibit Na /K -ATPase tend to release putative 
neurotransmitters in a variety of preparations 
(Vizi 1978). Neurotransmitters such as acetyl-
chol ine, noradrenaline, dopamin~, ind 5-hydroxy-
tryptamine that stimulate Na /K -ATPase tend 
to reduce the release of these substances. This 
stimulation effect may involve indirect activa-
tion through the interaction of neurotransmitter 
+ + 
receptors associated with Na /K -ATPase within 
the plasma membrane or be the result of a direct 
+ + 
action on Na /K -ATPase (cf Whittaker 1971). 
In conclusion each one of the membrane-
associated phosphatases studied in the sympa-
thetic ganglia shows a specific and distinct 
distribution pattern. This indicates that the 
distribution patterns of reaction products cor-
responds to a morphological 1 y and f unc t iona 11 y 
specific population of the enzymes. 
Intercellular junctions 
Synaptic specializations 
It is generally accepted that the mammalian 
sympathetic postganglionic neurons have numerous 
Membranes in sympathetic ganglia 
~~' Dimples with large particles in the p 
face of a presynaptic membrane in the superior 
cervical ganglion of a 4-aminopyridine (4-AP) 
treated guinea pig. Bar = 100 nm. 
Fig 10: Crater-like 
presynaptic 
protrusions in the E face 
of a 
cervical 
= 140 nm. 
ganglion 
membrane 





dendrites and one axon. Transmission electron 
microscopy has shown a complex pattern of junc-
tional specialization mainly on the dendrites 
(Elfvin 1963b, 1971). A knowledge at the ultra-
structural level of the types and nature of 
the neuronal contacts and identification of 
the elements involved in such contacts can per-
mit correlation between structure and function. 
In regions of simple apposition synaptic and 
non-synaptic specialized junctions as well have 
been identified (for review see Matthews 1983). 
The synaptic junctions in the sympathetic 
ganglia are of the chemical synapse type and 
gap junctions have not been found between neu-
rons in vivo except between satellite cells 




-~--1_1: Postsynaptic specialization (arrow) 
the membrane ( P face) of a dendrite in the 
superior cervical gang 1 ion of the guinea pig. 
Bar= 130 nm. 
Fig 12: A gap junction with particle free aisles 
between Schwann cell membranes of unmyelinated 
nerve fibers in the cervical sympathetic trunk 
of the guinea pig. Both P and E faces are seen. 
Note the occurrence of OAPs in upper left corner 
(arrow). Bar= 80 nm. 
asymmetric, showing a greater amount of cyto-
plasmic membrane-associated dense material on 
the postsynaptic than on the presynaptic side. 
The presynaptic elements may be either of extra-
ganglionic or intraganglionic origin. Although 
the presynaptic elements have been thoroughly 
studied, our knowledge is incomplete about pos-
sible membrane changes at the ultrastructural 
level that might accompany transmitter release 
in sympathetic ganglia. The mechanism of trans-
mitter release is still a 
(Ceccarelli and Hurlbut 
1979, Heuser et al. 1979, 
matter of controversy 
1980, Israel et al. 
Tauc 1982, Vizi 1978, 
Catarina Andersson Forsman and Lars-Gbsta Elfvin 
Whittaker 1971), but the vesicle hypothesis 
has received ultrastructural support mainly 
from work on the neuromuscular junction 
(Ceccarelli et al. 1972, Heuser and Reese 1981, 
Heuser et al. 1979). The analysis of freeze-
fractured material has thereby played an impor-
tant role. In stimulated tissue the presynaptic 
portion of the synapse both at central synapses 
(Akert et al. 1969, 1977, Pfenniger et al. 1972, 
Pfenniger and Rovainen 1974, Tokunaga et al. 
1979a,b, Venzin et al. 1977) and neuromuscular 
junctions (Ceccarelli et al. 1979, Dreyer et 
al. 1973, Fesce et al. 1980, Heuser and Reese 
1981, Heuser et al. 1974) contains large IMPs 
arranged in characteristic patterns. Also the 
presynaptic membrane modulations (PMMs) i.e., 
dimples in the P face or protuberances in the 
E face occur in the presynaptic membranes in 
a higher frequency in stimulated tissue. These 
features have been considered to represent mem-
brane changes related to a release of trans-
mitter, presumably via an exocytotic process 
(Heuser et al. 1979). 
In the frog sympathetic ganglia electrical 
and chemical stimulation have been used to en-
hance synaptic activity in order to visualize 
structural concomitants of transmitter release 
( Dickinson-Nelson and Reese 1983). In our stu-
dies the chemical substance 4-aminopyridine 
(4-AP) has been applied to enhance synaptic 
activity in the sympathetic ganglia of the gui-
nea pig and rat ( Andersson Forsman and Elfv in 
1983). After 4-AP stimulation the presynaptic 
membrane in freeze-fractured material is charac-
terized by the presence of presynaptic membrane 
modulations ( PMMs), in the P face dimples ( Fig 
9) and in the E face craters ( Fig 10), which 
are surrounded by large ( 11 nm) in tramembrane 
particles (IMPs). In serial-sectioned synapses 
of 4-AP treated material omega profiles and 
small indentations were found in considerably 
higher frequency in the presynaptic membrane 
in the treated than in the untreated material. 
These observations show that ultrastructural 
modifications similar to the observations 
on the frog sympathetic ganglia occur in 




an exocytotic process might 
transmitter is released at 
thetic ganglia. 
be one way by which 
synapses in sympa-
Identification of the postsynaptic elements 
has been made both by thin-sectioning and free-
ze-fracture. In the freeze-fractured replicas 
the postsynaptic internal faces appear as circu-
lar or elongated shaped areas containing 150-300 
particles, 8-10 nm in diameter (Fig 11). In 
the freeze-fractured sympathetic ganglia post-
synaptic specializations are, however, scarce. 
The reason for this is obscure but could be 
due to low numbers of those receptors which 
correspond to IMPs at the post-synaptic membra-
ne. Earlier studies of synapses in the central 
nervous system have in some instances shown 
that the postsynaptic specialization is diffi-
cult to detect (Hirosawa et al. 1981). Attempts 
to classify the synapses according to their 
postsynaptic specialization in relation to 
transrni t ter release have, however, in some cases 
not been successful. This might be due to the 
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fact that the particles specifically associated 
with the postsynaptic membrane and which repre-
sent receptors are difficult to discern from 
the large number of non-aggregated particles 
normally found in both synaptic and non-synaptic 
regions. Recently Watanabe et al. (1986) have 
described the 'chol in erg ic' postsynaptic membra-
ne of freeze-fractured bullfrog sympathetic 
ganglia. 
Gap junctions 
The gap junctions are intercellular Junc-
tions that mediate the flow of ions and smal 1 
molecules between the cytoplasm of adjacent 
cells (cf Makowski and Li 1983). Gap junctions 
have been isolated from liver (rat and mouse) 
and protein usually accounts for more than half 
of the dry weight. The junctions contain a sin-
gle protein, connexon, with a MW of about 27,000 
(Makowski et al. 1977). The morphological units 
are made up of u. dimer of a conne6on hexamer. 
An aqueous channel extends most or all of the 
way along the connexon axis from one cell inte-
rior to the other. The lattice constant has 
been calculated and varies with species and 
tissue in the range of 7.4-8.9 nm. 
The gap junctions fulfill different func-
tions in different tissues. For instance, they 
seem to be responsible for electrotonic coupling 
of cardiac cells and smooth muscle cells ( Ben-
nett and Goodenough 1978), transport of metabo-
lites in the lens (Goodenough et al. 1980, Good-
enough and Revel 1970), transmission of develop-
mental signals in embryonic tissue (Gross et 
al. 1978) and promotion of metabolic cooperation 
between cells in tissue culture (Loewenstein 
1981). Physiological studies indicate that the 
channels are gated and the electrical conduc-
tance across junctions has been shown to be 
sensitive to a variety of environmental factors 
including pH, calcium ion concentration and 
transjunctional voltage ( Harris et al. 1981, 
Rose and Loewenstein 1975, Spray et al. 1979a,b, 
Turin and Warner 1977). 
In the sympathetic ganglia of some rodents 
gap junctions are present between the satellite 
cells ( Elfvin and Forsman 1978). Two different 
types are found, one consisting of closely pack-
ed 8-9 nm particles with a center-to-center 
distance of 9-10 nm and the other characterized 
by rows of particles separated by smooth parti-
cle-free aisles (Fig 12). 
It is difficult to explain why gap junc-
tions of different shapes appear concomitantly 
in the ganglia. One possibility which cannot 
be ruled out is that the variation could be 
more or less artificial, due to particle rear-
rangement during the preparatory process (Elfvin 
and Forsman 1978, Miller and Goodenough 1985). 
It is, however, tempting to speculate that the 
different packing arrangements are real and 
related to changes in permeability properties 
of one and the same type of junction. In work 
by Peracchia ( 1977) and Peracchia and Dulhunty 
( 1976) changes in subunit packing of gap junc-
tion have been found as results of coupling 
and uncoupling of the gap junction by ions and 
other substances. A third possibility is that 
the different appearances may in fact represent 
Membranes in sympathetic ganglia 
different populations of gap junctions present 
at all times (Kogan and Pappas 1975) 
Gap junctions have also occasionally been 
found between the Schwann cells of unmyelinated 
nerve fibers in the sympathetic trunk (unpub-
lished observation) (Fig 12). This indicates 
the existence of a low resistance pathway in 
the satellite cells forming the sheath along 
the neuronal perikarya and their processes. 
This is an interesting speculation since it 
is known that propagation of action potentials 
can occur in Schwann cells of degenerated nerve 
fibers. 
In the guinea pig, tight junctional strands 
are regularly observed between the satellite 
cells. They are, however, less prevalent than 
the gap junctions (Elfvin and Forsman 1978). 
In summary, a more complete picture of 
the membrane organization at intercellular junc-
tions in sympathetic ganglia has been gained 
trough the application of freeze-fracture metho-
dologies. However, further studies of both neu-
rons and satellite cells are necessary in order 
to correlate these morphological findings with 
physiological events such as transmitter re-
lease, ion transport and receptor function. 
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Discussion with Reviewers 
B.A. Afzelius: Around 1960 our common teacher, 
Fritiof Sjostrand, noted that there was very 
little extracellular space in the nervous tissue 
and he suggested that the glial cells might 
act as the 'sodium space', that is to say the 
reservoir of sodium ions to be exchanged for 
potassium during the nerve impulse. Could the 
'spatial buffering' proposed by Franck et al. 
and reported by you be similar or even identical 
with this sodium space? And are the extracellu-
lar spaces still very narrow with the new prepa-
ration techniques used in the freeze-fracturing 
technique and related methods? 
Authors: The extracellular space between the 
neurons and the adjacent glial satellite cells 
is still very narrow with the new preparation 
techniques so the g 1 ia 1 sa tel 1 i te eel ls could 
very well be thought of as representing the 
'sodium space'. However, the term 'spatial buf-
Catarina Andersson Forsman and Lars-G6sta Elfvin 
fering' refers to 
its relationship 
action and membrane 
the potassium ion 






B.A. Afzelius: If there are protein linkages 
between neurons and glial cells and if these 
linkages snap symmetrically during freeze frac-
turing there would be a similar pattern of IMPs 
on the E-f aces of these two eel ls. This is by 
analogy of the connexons. Is there any evidence 
for a population of particles on the neuron 
and on the glial cell that has the same type 
of distribution? 
Authors: We have no evidence for such particle 
patterns. 
G.M. Roomans: Should your results on the locali-
zation of reaction products of 5' -nucleotidase 
and ca 2 + -ATPase be interpreted to indicate that 
the phosphate split off by these enzymes is 
released extracellularly, in conlrast to what 
+ + 
happens with the Na -K -ATPase? 
Authors: The cytochemical technique 
the enzymatically liberated phosphate 




pha te ion can, however, theoretica 11 y move 
rather long distances in the membrane and the 
cell before it is captured. Therefore, the exact 
localization of the active site of the enzyme 
can not be conclusively proven with the cyto-
chemical techniques used here. 
B. Forslind: In the introduction you mention 
that the structural and permeability properties 
of the neuronal cells differ from those of sa-
tellite cells with changes in osmotic condi-
tions. Can you offer some examples of such pro-
perty changes? 
Authors: When unmyelinated 
exposed to highly hypotonic 
lite cells swell whereas 
shrink. 
nerve fibres are 
solutions the satel-






like, and have you 
any idea of why it is selective in its associa-
tion with cholesterol? 
A. Thureson-Klein: Could you give general infor-
mation on saponins, e.g., to what extent their 
structural effects are interchangeable.Can toma-
tin and digitonin be used similar to 'commercial 
saponin' to increase the permeability of mem-
branes without visible structural alterations 
of lightly fixed material, e.g., Willingham 
(1983) found that antibodies with 5 nm gold 
particles could pass through cell membranes 
to react with antigenic sites on cytoplasmic 
organelles after saponin. 
Authors: Filipin is an antibiotic complex initi-
ally isolated from Streptomyces filipinensis; 
in its micellar form it penetrates one lipid 
monolayer of the membrane. The filipin-binding 
to the S-hydroxysterols changes the orientation 
of the sterols to perpendicular positions caus-
ing an increase in surface tension. When filipin 
binds to the sterols a complete dissociation 
from the phospholipids follows, which abolishes 
204 
the membrane stabilizing property of sterols. 
The increased surface tension produces deforma-
tions aided by the local increase in fluidity. 
As far as we are aware it is not known 
why filipin is selective for S-hydroxysterols, 
but the mechanisms by which it interacts in 
the membrane is as described above. 
The information available on saponin action 
( including that of 'commercial saponin') is, 
however, less extensive. To our knowledge digi-
tonin has been used to increase the availability 
of substrates in cytochemical studies of intra-
cellular enzymes. 
A. Thureson-Klein: While transmitter may be 
derived from different pools, I think the auth-
ors are overly cautious in their final state-
ment, i.e., the observations indicate that an 
exocytotic process might be one way by which 
transmitter is released. Zimmermann has writ ten 
several articles (e.g., ?,immerman 1g82) arguing 
for the vesicle hypothesis. Similarly, the pa-
per by Dickinson-Nelson and Reese (1983) on 
exocytosis from active zones in bull-frog sympa-
thetic ganglia is quite convincing. Please com-
ment. 
Authors: We do not think that we are overly 
cautious; we only say that this is one way by 
which the transmitter is released and other 
possibilities for release might occur concomi-
tantly in the ganglia and other systems. We 






to explore other theories 
Tauc ( 1982), Marchbanks 
and Marchbanks et al. ( 197 8), 
A. Thureson-Klein: Please explain the terminolo-
gy, e.g., give a definition of ependymal cells 
as the lining of the ventricles (astrocytes 
are probably better known to the general rea-
der). 
Authors: The sympathetic ganglia contain two 
main types of cells, the principal neurons and 
satellite cells. In addition there is a large 
neuropil consisting of cell processes from prin-
cipal ganglion cells and axons from neurons 
having their perikarya extrinsic to the ganglia. 
The satellite cells form a sheath around the 
per ikarya and their processes and are in series 
with the Schwann cells surrounding the axons 
in the periphery. In the ganglia the extra-
cellular space between closely packed neurons 
and satellite cells is continuous with an extra-
eel 1 u lar space con ta in ing fibroblasts, collagen 
and vessels. 
A. Thureson-Klein: Do all types of filipin, 
e.g., filipin III that is used to induce arthri-
tis in animals, produce 25 nm complex with cho-
lesterol, or is it mainly filipin I? 
Authors: We have used a mixture of filipins and 
not pure filipin I or III. At this stage we 
would therefore not like to make any statements 
about which type of filipin produces the complex 
with cholesterol. 
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